Introduction
Advanced therapy medicinal products (ATMP) are medicinal products used for the treatment of diseases and injuries, and are based on the methods of somatic cell therapy, gene therapy, or tissue engineering [1] . Tissue engineeringbased ATMP involve a range of approaches, whose key element is the use of biologically based mechanisms to achieve the repair and healing of damaged and diseased tissues. These approaches range from small blood vessel replacement over the repair of bone, tendon, and ligament to cellular-based therapies for degenerative cartilage defects [2] . One approach for cartilage repair in orthopedic surgery is autologous chondrocyte implantation (ACI) [3] . Further developments of the ACI technique led to the combination of autologous chondrocytes with scaffold materials to form three-dimensional bioactive resorbable cell grafts [4] . This procedure involves the excision of a small cartilage biopsy by arthroscopy from a less load-bearing region of the articular cartilage. The chondrocytes are then released by enzymatic digestion and expanded in vitro. After expansion the cells are placed into a resorbable biomaterial. A second surgery is then performed either by arthroscopy or arthrotomy. The defect is debrided, and the cell transplant is fixated into the cartilage defect. A new strategy for articular cartilage repair is a cell-free technique that combines a bone marrow stimulation technique with the implantation of a three-dimensional bioactive resorbable scaffold in a one-step procedure. During bone marrow stimulation, by e.g. microfracturing or drilling, the subchondral bone is perforated to induce bleeding into the defect [5] . This technique allows mesenchymal stem and progenitor cells to migrate into the scaffold which can be immersed with autologous serum [6, 7] or platelet-rich plasma (PRP) [8, 9] to support cell migration and chondrogenic differentiation.
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Summary Introduction: The use of platelet-rich plasma (PRP) in regenerative approaches in cartilage repair is becoming more common. Information about PRP composition and its content of putative bioactive chondrogenic growth factors (GF) that may support cartilage regeneration is scarce. Methods: GF composition of a pool of 6 PRP preparations was determined using Protein Antibody Membrane Arrays covering 507 GF, signaling molecules, and receptors. To verify the chondrogenic GF variability in PRP, Growth Factor Antibody Membrane Arrays covering 26 GF were applied to 6 individual PRP preparations. Selected GF involved in chondrogenic differentiation were quantified by Enzyme-Linked Immunosorbent Assay (ELISA). Results: 417 out of 507 possible detectable proteins were present in the PRP pool, including 76 GF. Quantification of selected chondrogenic GF by ELISA showed an average of 0.31 ng/ml bone morphogenetic protein-2, 0.50 ng/ml connective tissue growth factor, 0.76 ng/ml fibroblast growth factor-2, and 0.59 ng/ml transforming growth factor-3. Conclusion: PRP as a therapeutic option in regenerative cartilage repair strategies is a powerful tool for the local application of chondrogenic GF to the site of injury. Chondrogenic GF are present in PRP and may support cartilage repair by inducing cell differentiation and cartilage matrix formation.
Transfus Med Hemother 2013;40:432- 440 Growth Factors in Platelet-Rich Plasma 433 coagulant citrate dextrose-A). Anonymized PRP was used for further analysis. The concentration of platelets was 0.6-1.3 × 10 10 /ml. Leukocytes were less than 0.3 × 10 4 /ml. PRP (approximately 250 ml per preparation) was frozen overnight at -80 °C. Platelet activation was performed by repeated freeze and thawing cycles as described by Weibrich et al. [27] . The PRP was centrifuged, and the supernatant was taken and stored at -20 °C. Prior to use, PRP was thawed slowly at 4 °C, followed by centrifugation at 4 °C at 1,600 × g for 10 min to remove residual fibrinogen. The supernatant was used immediately. Total protein content of each individual PRP was determined using the bicinchoninic acid (BCA) assay (SigmaAldrich, Taufkirchen, Germany) according to the manufacturer's recommendations.
Human Protein Antibody Membrane Array Analysis
The presence of 507 different proteins in the PRP (pool of n = 6 preparations) was determined through the use of a human Protein Antibody Membrane Array 1 (RayBiotech, Norcross GA, USA) according to the manufacturer's instructions. First, the total protein content of the PRP pool was adjusted to approximately 3.9 mg. Thereafter 650 g total protein of each PRP preparation was used, and the primary amines of the proteins were biotinylated for 30 min. The biotin-labeled PRP pool was added onto the array membrane and incubated at room temperature (RT) for 2 h. Detection of proteins was performed by incubation with horseradish peroxidase(HRP)-conjugated streptavidin for 2 h. Signal intensities were detected by chemiluminescence, and the membranes (n = 2) were briefly exposed to X-ray films (GE Healthcare, Munich, Germany) for 30 s. The presence or absence of each protein (indicated by black spots) was determined macroscopically by two independent observers. Only spots that were detected by both observers were considered to be present.
Human Growth Factor Antibody Membrane Array Analysis
The content of 41 GF and GF receptors was determined in individual PRP preparations (n = 6) using human Growth Factor Antibody Membrane Array 1 (RayBiotech) according to the manufacturer's recommendations. After blocking, membranes were incubated for 2 h at RT with individual PRP preparations (650 g of total protein each) diluted in blocking buffer. Afterwards, the membranes were incubated with biotinconjugated antibodies raised against the particular GF for 1.5 h. Detection of GF was performed by incubation with HRP-conjugated streptavidin for 2 h. GF were detected by chemiluminescence, and the membranes (n = 6) were briefly exposed to an X-ray film (GE Healthcare) for 1 min.
Images were digitized as negative slides at a resolution of 3,200 dpi, and spot intensities were determined densitometrically using Photoshop CS6 software (Adobe Systems, San Jose, CA, USA) as described previously [28] . In brief, a representative background color of the array was determined in a standard area (240 × 240 pixel). The number of stained pixels was determined within this given area for each spot. The mean value of the negative controls (n = 8) from each array was subtracted from values of GF (n = 2 per GF) or positive controls (n = 6).
The sample covariance of all pixels from the negative controls (n = 48) was added to the negative control with the highest pixel value. This value (450 pixels) serves as a threshold; pixel values less than 450 pixels were considered as no signal/absent. For normalization of arrays, signal values of GF were divided by the mean value of the positive controls and multiplied with 100. A value of 100 represents the spot intensity of the positive control.
Enzyme-Linked Immunosorbent Assay (ELISA)
To quantify the concentrations of bone morphogenetic protein-2 (BMP-2), fibroblast growth factor-2 (basic-FGF) and connective tissue growth factor (CTGF) in individual PRP preparations (n = 6), a sandwich ELISA (PeproTech, Rocky Hill, NJ, USA) according to the manufacturer's recommendations was performed. Samples of 100 l were applied in triplicate to a 96-well plate (R&D Systems, Abingdon, UK) precoated Platelets are known to contain various growth factors (GF) [10] which can be concentrated in PRP either by apheresis or centrifugation [11] . In clinical application PRP is used to enhance regenerative processes in mesenchymal tissues such as the repair of patellar tendon [12] , anterior crucial ligaments [13] , bone [14] , and cartilage [8] . In cartilage repair, PRP has been shown to induce the migration and chondrogenic differentiation of subchondral mesenchymal progenitor cells [15] . In a recent case series, 52 patients with focal chondral defects received resorbable polyglycolic acid-hyaluronan (PGA-HA) implants (chondrotissue ® ) augmented with autologous PRP after drilling. This procedure resulted in significant improvement of the patients' situation and in the formation of hyaline-like cartilage repair tissue [8, 9] . In contrast, the use of bone marrow stimulation alone often led to qualitatively inferior fibrocartilage repair tissue [16, 17] containing a high amount of collagen type I [18] . This may be due to an insufficient local stimulation necessary to induce the formation of superior hyaline-like cartilage repair tissue, which is characterized by a high amount of collagen type II [19] .
PRP is defined as a plasma fraction of autologous blood with a certain platelet concentration [20] . Activation of alphagranules which are part of the platelets leads to the release of numerous proteins [21] . In addition to cytokines, chemokines and other proteins, the alpha-granules release GF such as platelet-derived growth factor (PDGF), platelet derived angiogenesis factor (PDAF), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), insulin-like growth factor (IGF), basic fibroblast growth factor (FGF-2), and transforming growth factor-beta (TGF-) [22] . TGF-as well as FGF-2 and IGF are known to enhance proteoglycan synthesis and extra cellular matrix (ECM) formation by mesenchymal stem and progenitor cells during chondrogenic differentiation [23] [24] [25] . Additionally, PDGF is involved in the maintenance of the chondrogenic phenotype of chondrocytes and induces proliferation and proteoglycan synthesis [26] . One disadvantage of using autologous PRP is patient variability. This variability can lead to differences in GF concentration and composition and therefore to an unpredictable outcome of a PRP-based cartilage defect treatment. Therefore, our aim was to investigate the content of released bioactive factors in individual PRP and to identify the specific GF or combinations of GF in PRP that are known to be involved not only in chondrogenic differentiation and but potentially also in PRP-mediated cartilage repair.
Material and Methods
Preparation of Human Platelet-Rich Plasma PRP (n = 6) from normal, healthy blood donors (18-68 years) was extracted by apheresis at the Department of Transfusion Medicine, Charité-Universitätsmedizin Berlin, using an automated blood collection system (Trima Accel ® ; Terumo BCT, Lakewood, CO, USA) with ACD-A (anti-Krüger/Freymann/Vetterlein/Neumann/ Endres/Kaps with a polyclonal rabbit anti-human BMP-2, FGF-2 or CTGF antibody, and incubated at RT for 2 h. Afterwards, 100 l biotinylated polyclonal antibodies were added and incubated for 2 h at RT, covered with 100 l avidin-HRP-conjugate for 30 min, and finally incubated with the substrate. Emission was measured at a wavelength of 405 nm using a microplate reader (Synergy HT; BioTek, Winooski, VT, USA) with excitation at 650 nm at 5-min-intervals for approximately 50 min. Protein concentration was determined using a standard curve (0-2,000 pg/ml for BMP-2 and 0-4,000 pg/ml for FGF-2 and CTGF).
To quantify the concentration of TGF-3, a sandwich ELISA (R&D Systems) was used. Samples of 100 l were applied in triplicate to a 96-well plate precoated with a monoclonal mouse anti-human TGF-3 antibody, incubated at RT for 2 h, covered with 100 l biotinylated polyclonal goat anti-human TGF-3 antibody for 2 h at RT, covered with 100 l HRP-conjugated streptavidin for 20 min, and finally incubated with substrate for 20 min. The reaction was terminated with 50 l 2 N H 2 SO 4 . Afterwards, emission was measured at 450 nm with an excitation wavelength of 540 nm. TGF-3 levels were determined using a standard curve of 0-2,000 pg/ml TGF-3 
Results
Human Protein Antibody Membrane Array Analysis
Human Growth Factor Antibody Membrane Array Analysis
To verify the robustness of GF presence in PRP, the GF content of 6 individual PRP preparations was determined by human Growth Factor Antibody Membrane Arrays (fig. 1A) . The array configuration and the detection limits are given in figure 1B . The highest spot intensities were found for the growth factors EGF (119.2-152.7, mean 140. BDNF = Brain-derived neurotrophic factor; b-NGF = beta-nerve growth factor; BMP = bone morphogenic protein; BTC = betacellulin; CNTF = ciliary neurotropic factor; CTGF = connective tissue growth factor, Dkk = dickkopf; EGF = epidermal growth factor; EG-VEGF = endocrine gland-derived vascular endothelial growth factor; FGF = fibroblast growth factor; GCSF = granulocyte colony-stimulating factor; GDF = growth differentiation factor; GDNF = glial derived growth factor; GH = growth hormone; GM-CSF = granulocyte-marcophage colony-stimulating factor; HB-EGF = heparin-binding epidermal growth factor; HGF = hepatocyte growth factor; IGF = insulinlike growth factor; LIF = leukemia inhibitory factor; M-CSF = marcophage colony-stimulating factor; NOV = nephroblastoma overexpressed; NT = neurotrophin; PDGF= platelet-derived growth factor; SCF = stem cell factor; TGF = transforming growth factor; VEGF = endothelial growth factor.
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Growth Factors in Platelet-Rich Plasma 435 both patient groups revealed significant improvement compared to baseline [29] . But in general, the encouraging clinical data lack of assured results concerning effectiveness and underlying biological mechanisms due to great variability in PRP composition, activation, application and preparation and thus presence or absence of specific factors such as GF [29] . This might be due to the fact that PRP is a relatively undefined cocktail of various GF and differentiation factors, and individual concentrations of GFdepend among others on the gender of the donor and the platelet concentration [27] . Although the concentration of GF increases with an increasing number of platelets, the method used to measure platelet concentration can also affect the results [10] . Another important factor is the activation of platelets to initiate the alpha-granules to release their GF. Different activation methods lead to different GF levels [22] . Also PRP preparation methods include several variables, such as number of centrifugation steps, speed and timing, that might influence the final product in terms of concentration of different cellular types, thus making the amount of bioactive proteins unpredictable [29] . In PRP obtained by centrifugation and calcium activation, cytokines, anti-and pro-inflammatory cytokines and GF such as PDGF, IGF-1, FGF-2, TGF-1 and TGF-2 were found in different concentrations, whereas VEGF and TGF-3 were not detectable [31] . In contrast to in vitro studies on the GF
Enzyme-Linked Immunosorbent Assay (ELISA)
The most promising candidates for chondrogenic bioactive factors in PRP were quantified by sandwich ELISA. Results ranged from 0.00 to 0.65 ng/ml for BMP-2 (mean 0.31 ng/ml; median 0.25 ng/ml), from 0.00 to 0.83 ng/ml for CTGF (mean 0.50 ng/ml; median 0.54 ng/ml), from 0.40 to 0.81 ng/ml for FGF-2 (mean 0.76 ng/ml; median 0.60 ng/ml), and from 0.36 to 0.76 ng/ml for TGF-3 (mean 0.59 ng/ml; median 0.62 ng/ml) ( fig. 2 ).
Discussion
The effectiveness of PRP on tissue regeneration in clinical applications is controversially discussed. Especially in the field of orthopedic surgery, clinical studies addressing PRP in cartilage repair are rare [29] . The effectiveness of PRP injection in early osteoarthritis has been shown in a prospective randomized trial over 6 months compared to placebo group [30] , and in a case series of 50 patients in combination with a matrix-augmented bone marrow-stimulating technique [8, 9] . In contrast, a double-blind randomized controlled trial comparing leukocyte-rich PRP and high-molecular-weight hyaluronan showed no significant differences in clinical scores after 6 and 12 months between both applications, although Krüger/Freymann/Vetterlein/Neumann/ Endres/Kaps content using PRP preparations from centrifugation studies, investigations usinghuman PRP preparations obtained by apheresis are rare. PRP obtained by an apheresis system has the advantage to be technically standardized, whereas the PRP preparation by laboratory centrifugation is more technician-dependent, and therefore its reproducibility is biased . The respective growth factors were measured in duplicates per array, antibody sensitivity is given in ng/ml (B). Positive controls on the array are streptavidin conjugated horseradish peroxidase and negative controls are bovine serum albumins. POS = positive; NEG = negative; AR = androgen receptor; b-NGF = beta-nerve growth factor; EGF = epidermal growth factor; FGF = fibroblast growth factor; GCSF = granulocyte colony-stimulating factor; GDNF = glial derived growth factor; GM-CSF = granulocyte-marcophage colony-stimulating factor; HB-EGF = herparin-binding epidermal growth factor; HGF = hepatocyte growth factor; IGFBP = insulin-like growth factor binding protein; IGF = insulin-like growth factor; LIF = leukemia inhibitory factor; M-CSF = marcophage colony-stimulating factor; NT = neurotrophin; PDGF platelet derived growth factor; PIGF = placental growth factor; SCF = stem cell factor; TGF = transforming growth factor; VEGF = endothelial growth factor.
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Growth Factors in Platelet-Rich Plasma 437 platelets/ml) as shown by immunhistochemical and histochemical staining [32] . Taking the stimulatory chondrogenic effect of PRP on subchondral progenitor cells into account, we aim at defining bioactive factors in PRP which possibly mediate chondrogenic induction of mesenchymal progenitor cells. In this study, we found that of the 76 detected GF present in a PRP pool of 6 PRP preparations obtained by apheresis, 9 are known from literature to play a major role in the chondrogenic differentiation of chondrocytes and/or mesenchymal stem and progenitor cells. Assessment of the GF content in 6 individual PRP preparations obtained from apheresis revealed 3 constantly detectable GF (IGF-I, FGF-2 and TGF-3) and 2 GF which are occasionally present. An increase in the number of PRP preparations might lead to a more homogeneous population of this highly individual substance and subsequently more detailed results concerning presence or absence of distinct GF. Therefore, the small sample size of 6 individual PRP preparations is a limitation of the study. Quantification of selected [29] . The intention of this study was to measure GF that are present in human PRP obtained by apheresis, as it is effectively used in combination with bone marrow-stimulating techniques for cartilage regeneration. Knowledge about the GF content of PRP may enlighten the underlying mechanisms how PRP act on chondrocytes and/or mesenchymal stem and progenitor cells [8, 9] . Studies regarding the cellular, chondrogenic response of mesenchymal progenitor cells derived from subchondral bone on RNA and protein level upon PRP treatment are reported previously. The use of 5% activated human PRP obtained by apheresis (0.6-1.3 × 10 10 platelets/ml) in a well-established three-dimensional chondrogenic differentiation assay showed an increase of the expression of chondrogenic marker genes collagen type II, aggrecan, and cartilage oligomeric matrix protein in subchondral progenitor cells compared to non-stimulated controls [15] . Additionally, progenitor cells in three-dimensional scaffolds formed an extracellular matrix rich in proteoglycans and collagen type II upon treatment with 5% PRP obtained by apheresis (0. b-NGF = Beta-nerve growth factor; EGF = epidermal growth factor; FGF = fibroblast growth factor; GCSF = granulocyte colony-stimulating factor; GDNF = glial derived growth factor; GM-CSF = granulocyte-marcophage colony-stimulating factor; HB-EGF = heparin-binding epidermal growth factor; HGF = hepatocyte growth factor; IGF = insulin-like growth factor; LIF = leukemia inhibitory factor; M-CSF = marcophage colony-stimulating factor; NT = neurotrophin; PDGF = platelet derived growth factor; SCF = stem cell factor; TGF = transforming growth factor; VEGF = endothelial growth factor. [52] [53] [54] . However, the effect of PRP on mesenchymal stem or progenitor cells is controversially discussed. On the one hand, PRP induces the proliferation of mesenchymal stem cells and activates osteogenic and chondrogenic marker transcription factors such as runt-related transcription factor-2 (RUNX2) and SOX-9 in monolayer cultures [55] . On the other hand, PRP promotes chondrogenic but not osteogenic or adipogenic differentiation of human subchondral progenitor cells in pellet cultures [15] . To overcome the problems of GF composition and concentration due to different production and activation techniques, the GF content should be determined for each batch. The prediction of specific GF concentrations based on PRP thrombocyte counts or by correlation with other GF within the PRP is not reliable [27] . For clinical use, a standardized PRP preparation by apheresis may decrease technical bias. Therefore, qualitative and quantitative analysis of GF content in PRP preparation by apheresis is the basis for further studies on cell differentiation in vitro and tissue regeneration in vivo. Different preparation techniques might be useful for different applications. Therefore, the used PRP preparation system, such as apheresis, centrifugation or PRP-processing kits, should be tested concerning its distinct properties of the resulting PRP.
In conclusion, PRP as a therapeutic option in regenerative cartilage repair strategies might be a powerful tool for the local application of chondrogenic GF to the site of injury. Concentration and content of bioactive factors present in PRP depend on the preparation and activation method and should be individually adapted to the respective application.
GF from pooled PRP and individual preparations by ELISA resulted in mean concentration of 0.31 ng/ml BMP-2, 0.50 ng/ ml CTGF, 0.76 ng/ml FGF-2, and 0.59 ng/ml TGF-3.
GF such as PDGF-BB, IGF-I and IGF-II, which are present in each of 6 individual PRP preparations, have been shown to recruit human mesenchymal progenitor cells derived from the bone marrow [33, 34] , and chondrocytes [35] as assessed by in vitro migration assays using the respective GF. Besides their migratory effects, PDGF, IGF-I and FGF-2 enhance proliferation of human chondrocytes in vitro [36] . In addition, treating mesenchymal stem cells with FGF-2 in monolayer cultures results in enhanced cell proliferation and proteoglycan synthesis compared to untreated cultures [23] . Previous studies with single GF found in PRP preparation, such as BMP-2, BMP-4, BMP-7, CTGF, FGF-2, growth differentiation factor-5 (GDF-5), IGF-I, TGF-2 and TGF-3, are involved in chondrogenic development of chondrocytes and/or mesenchymal stem and progenitor cells. In order to assess their effects on cartilage repair in vitro or in vivo, all of these GF have been used as single inducers rather than in combination [15, [23] [24] [25] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Only few GF have been tested in combination, suggesting additive effects; an enhanced chondrogenic development was observed when mesenchymal stem cells were induced with IGF-I and either TGF-or BMP-2 or BMP-7, leading to a significant increase of cartilage matrix synthesis [50] . Also, a combination of BMP-2, BMP-4, BMP-7 or FGF-2 with TGF-supports the chondrogenic induction of MSC in vitro [51] . Our results show that BMP-2, which stimulates the synthesis of ECM by chondrocytes [38] , and CTGF, known as an important regulator of chondrocyte proliferation and differentiation [44] , are not always present in all PRP preparations. However, TGF-3, which induces collagen type II and proteoglycan synthesis by mesenchymal progenitor cells and chondrocytes [15, 37] , and FGF-2, which was found to enhance proteoglycan synthesis and cell proliferation by Fig. 2 . Quantification of selected growth factors by ELISA. The ends of the boxes define the 25th and 75th percentiles, with a line at the median and error bars defining the minimum and the maximum of all data. FGF-2 and TGF-3 are robustly present in all 6 PRP preparations with a range of 0.40 ng/ml to 0.81 ng/ml for FGF-2 (median 0.60 ng/ml) and 0.36 ng/ml to 0.76 ng/ml for TGF-3 (median 0.62 ng/ml), whereas BMP-2 and CTGF are found in 5 of 6 donors in variable concentrations between 0.00 ng/ml to 0.65 ng/ml for BMP-2 (median 0.25 ng/ml) and 0.00 ng/ml to 0.83 ng/ml for CTGF (median 0.54 ng/ml).
